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The Pyrovac vacuum pyrolysis process
• Original biochar
pyrolysis of shredded wood comprising 20% volume of spruce/fir and 80% pine with 
moisture content of 10%, under following conditions:
T=475 °C
Wood residence time: 15 min
Atmosphere pressure
• Mildly oxidized biochar
mild air oxidation under flowing air:
T= 200±10 °C with heating ramp of 3 K min−1
Oxidation duration= 1 h 














* Degassing temperature 400 °C under vacuum for 16h
** Degassing temperature 300 °C under vacuum for 24h
*** Based on mass of anhydrous biomass feedstock 
Nitrogen physisorption analysis




Ash C H O N
Original biochar 23.5 75.2 1.3 73.3 4.1 22.5 0.1
Oxidized biochar 41.8 54.7 3.5 71.6 3.0 25.1 0.3
Proximate and elemental analyses (wt.%)
(a) The concentrations of Surface acidic functional 
groups by Boehm titration
(a’) surface acidic density and oxygen mass fraction 
of samples corresponding to Boehm titration
(b)pH value of samples at point of zero charge
XPS C1s photoline of: (a) pyrolysis biochar, (b) oxidized biochar
Adsorption of lead form aqueous solutions using oxidized biochar 








E : extraction efficiency 
Q : adsorbent capacity
Ci and Cf : initial and final concentrations of cation in aqueous solution
m : mass of adsorbent 
V : solution volume in batch reaction
(1)
(2)
Adsorption of lead form aqueous solutions using oxidized biochar 
The range of variables in adsorption experiments.
The effects of adsorption parameters were investigated by the response surface methodology 
(RSM) using the following general equation:




𝒌 𝜷𝒊𝒋𝒙𝒊 𝒙𝒋 + 𝝐 (3)
Y : desired response either E or Q
x : variable
k : number of independent variables
β0 : offset term
βi : coefficients of the linear parameters
βij : coefficients of the interaction parameters
βii : coefficients of the quadratic parameter
ϵ : the residual
Adsorption of lead form aqueous solutions using oxidized biochar 
RSM investigation of oxidized biochar adsorption capacity for lead cations
Optimal value of Q= 9.25 mg g-1 at pH=5, t= 300 min, m= 0.5 g/50 cm3, CPb= 100 ppm 
Equilibrium adsorption of lead cations 
using original pyrolysis and oxidized biochars
Possible mechanisms of lead cations adsorption
Schematic of the effect of biochar 
pH at point of zero charge on cations adsorption 
SEM images of oxidized biochar : 
(a) before adsorption,
(b-d) after adsorption under conditions of pH=5, m=0.5 g/50 cm3 of solution, Clead=100 ppm, and t=5 h (Point i),
(e-f) after adsorption under conditions of pH=5, m=0.5 g/50 cm3 of solution, Clead=1000 ppm, and t=50 h (Point f) 
The effect of biochar modification 
on the equilibrium adsorption capacity of lead (literature data).
Conclusions
mildly oxidized biochar is a suitable adsorbent for heavy metal cations
 very simple process of mild air oxidation can be used instead of the usual costly 
chemical activation for improving cation exchange capacity of biochar.
 The observed heterogeneous spatial distribution of adsorbed lead reflects the 
particular location of the oxygenated functional groups.
• Bardestani, R., Kaliaguine, S., 2018, Steam activation and mild air oxidation of vacuum pyrolysis biochar, Biomass and 
Bioenergy, 108, 101-112.
• Bardestani, R., Roy, R., Kaliaguine, K., 2019, The effect of biochar mild air oxidation on the optimization of lead(II) 
adsorption from wastewater, Journal of Environmental Management, 240, 404-420.
• Ding, Z., Hu, X., Wan, Y., Wang, S., Gao, B., 2016, Removal of lead, copper, cadmium, zinc, and nickel from aqueous 
solutions by alkali-modified biochar: Batch and column tests, Journal of Industrial and Engineering Chemistry, 33, 239-245.
• Mohan, D., Kumar, H., Sarswat, A., Alexandre-Franco, M., Pittman, C.U., 2014, Cadmium and lead remediation using 
magnetic oak wood and oak bark fast pyrolysis bio-chars, Chemical Engineering Journal, 236, 513-528.
• Mohan, D., Pittman, C.U., Bricka, M., Smith, F., Yancey, B., Mohammad, J., Steele, P.H., Alexandre-Franco, M.F., Gómez-
Serrano, V., Gong, H., 2007, Sorption of arsenic, cadmium, and lead by chars produced from fast pyrolysis of wood and bark 
during bio-oil production, Journal of Colloid and Interface Science, 310, 57-73.
• Song, X., Liu, H., Cheng, L., Qu, Y., 2010, Surface modification of coconut-based activated carbon by liquid-phase oxidation 
and its effects on lead ion adsorption, Desalination, 255, 78-83.
• Wang, S., Gao, B., Li, Y., Mosa, A., Zimmerman, A.R., Ma, L.Q., Harris, W.G., Migliaccio, K.W., 2015, Manganese oxide-
modified biochars: Preparation, characterization, and sorption of arsenate and lead, Bioresource Technology, 181, 13-17.
• Wongrod, S., Simon, S., Guibaud, G., Lens, P.N., Pechaud, Y., Huguenot, D., Van Hullebusch, E.D., 2018, Lead sorption by 
biochar produced from digestates: Consequences of chemical modification and washing, Journal of Environmental 
Management, 219, 277-284.
• Xue, Y., Gao, B., Yao, Y., Inyang, M., Zhang, M., Zimmerman, A.R., Ro, K.S., 2012, Hydrogen peroxide modification 
enhances the ability of biochar (hydrochar) produced from hydrothermal carbonization of peanut hull to remove aqueous 
heavy metals: Batch and column tests, Chemical Engineering Journal, 200–202, 673-680.
References
